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1.0  INTRODUCTION 

Skylab was  launched into orbit on May 14, 1973. Eleven days  

la ter  i t s  first three-man crew began a 28-day v i s i t  to t h e  space  

station. The total operational life of Skylab w a s  almost nine 

months and included two additional three-man v i s i t s  for two and 

three-month periods and two unmanned intervals i n  which l imi t ed  

observations were carried out. 

A major facility of the space station was  the Apollo Telescope 

Mount (ATM) Solar Observatory, which had the capabili ty of 

observing the solar atmosphere simultaneously in  a spectral  band 

covering X-rays to visible light with sufficient spat ia l ,  spectral  

and temporal resolution to  study i t s  structure and dynamics. 

Th i s  facility consis ted of six instruments, one of which was  t h e  

X-ray Spectrographic Telescope of our group (Experiment S- 054 

in S kylab nomenclature) . 
The S-054 X-ray te lescope was a grazing incidence instrument 

with a spatia1 resolution of approximately two a rc  seconds on 

ax is  and sensit ivity to radiation in  the soft X-ray region of 2-60 8. 
Crude spectral  resolution within this  region was achieved by means 

of broadband X-ray filters. A spectrographic mode of operation, 

employing a n  objective grating, w a s  used to obtain moderate 

resolution spectra of flare events and of selected coronal features. 
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T h e  spectroheliograph was  designed around an X-ray te lescope 

consis t ing of two nested grazing incidence X-ray mirrors which 

are both coaxial and confocal. These mirrors, developed by AS&E 

for ATM, employ double reflection from paraboloidal and hyper- 

boloidal surfaces.  T h e  entrance apertures  of the two mirrors 

were 31 and 23cm respectively, their  focal length 213cm and their  

combined geometrical collecting area 42cm . T h e s e  mirrors 

formed the primary X-ray opt ics  of t h e  experiment. 

2 

The X-ray image w a s  formed on a p lane  containing f i l m  from 

the removable camera. The  f i lm used  w a s  Kodak SO212 which 

is a panatomic f i l m  without topcoating but with a n  an t i s t a t i c  

(Remjet) backing. Each  X-ray picture is accompanied by a white  

l ight picture of the sun formed by a vis ible  light l e n s  posit ioned 

within the X-ray telescope. The  white  l ight  image is co-aligned 

with the  X-ray image so that information on the pitch,  yaw and 

roll of the X-ray image c a n  be obtained from it. Approximately 6500 

frames of f i l m  were available on each film magazine. One camera 

magazine w a s  used during the f i rs t  (SL-1/2) Skylab mission. 

Two were used during the second mission (SL-3) and  two magazines  

were exposed during SL-4. In total ,  approximately 32, 000 so lar  

X-ray exposures were obtained. 

Exposures were taken in sequences through a given filter. This 

sequence w a s  selected by a switch on the ATM console .  In  

each case, a t  least 4 exposures were taken at 1/64, 1/16, 1/4 

and 1 second. The  sequence could be continued through exposures  

of 4,  16, 64 and 256 seconds.  The particular set t ing used depended 

on the fi l ter  employed and on t h e  scient i f ic  objectives of t h e  

observation. The  appropriate exposure values were calculated on 

the  b a s i s  of t h e  resu l t s  of earlier AS&E rocket flight pictures. 
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There are four modes i n  which the picture sequences could be 

taken. In the Single mode, a single sequence of 4 to 8 frames 

was taken with maximum exposures ranging from 1 to 256 

seconds. The  time between each exposure was 0.3 seconds. 

This  mode was the  one most often used i n  the ATM observations. 

In theLow mode, t h e  selected sequence of exposures was repeated 

for a duration of 13 minutes .  The t i m e  between individual exposures 

was 12 seconds. In the High mode each sequence was again 

repeated for a duration of 13 minutes, but with an 0.3 second 

interval between individual exposures. Finally the Program 

mode took pictures for 4 minutes a t  the High  rate (0.3 second 

intervals) and for 9 minutes at  the Low rate (12 second intenrals). 

The astronaut could terminate an obsenring sequence or mode 

a t  any time. 

To obtain detailed information on the soft X-ray spectrum, we 

included in  the experiment an array of X-ray transmission gratings. 

When these gratings were placed i n  the optical path, either 

directly ahead of or behind the X-ray mirrors, the instrument 

became a slitless or objective grating spectrogmph. For each 

source i n  the field of view, the grating-telescope combination 

results i n  a real image (or zero-order spectrum) and dispersed 

monochromatic images bracketing it, which include the spectra 

of various orders. 

of the grating, X / A A  is of the order of 50 a t  7 8, and t h e  dispersion 

in  the first order is 0.5 arc minutes per Angstrom. 

The system has moderate spectral resolution 
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The AS &E experiment w a s  also provided with a photo-multiplier 

counter consisting of a NaI crystal of about 5cm area and a 

covering window of 2 mi l s  of beryllium. The counter operated 

in  two modes. In the first  mode, t h e  output went through a 

pulse  height analyzer which provided 8 channels of counts 

from 10 keV to 80 keV. In t h e  second mode, the  DC current 

w a s  monitored and converted to  a number proportional to t h e  

logarithm of the current. Th i s  number was  then displayed as 

the PEC (photomultiplier exposure counter) o n  t h e  ATM console  

in  addition to being telemetered to ground stations. The PEC 

was  also used as a flare warning device. 

2 

Some observations had to be made without the astronaut a t  the 

ATM console. Provisions were made for a limited number of 

observations made by ground command. The grating, picture . 

rate and exposure rate  could not be  controlled from t h e  ground 

and were set by the astronaut prior to  unmanned or unattended 

observations. Unmanned filter selection was limited to  three 

filters (1/2 m i l  Be, 1/8 m i l  Teflon and magazine window only). 

Other filter posit ions could only be achieved by astronaut 

reconfiguration of the control panel. 
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2 . 0  INSTRUMENT DESCRIPTION 

A photograph of the telescope is shown in  Figure 1. Figure 2 shows 

how t h e  telescope was mounted to the ATM spar, the cruciform 

structure that provided a common platform for the ATM experiments. 

Figure 3 is a diagram illustrating t h e  main features of the telescope. 

Two nested coaxial and confocal grazing incidence mirror systems 

were used, each utilizing double reflection from a pair of para- 

boloidal and hyperboloidal surfaces. The optics are described i n  

section 2 .1 .  

2 . 1  T h e  Grazing Incidence Mirrors 

Two constraints severely limit the design of imaging systems for 

x-rays: (1) x-rays are readily absorbed by matter and (2) the index of 

refraction a t  x-ray wavelength is only s l igh t ly  less than unity. For 

a system based on refraction, this implies a very long focal length 

and a very thin lens. A practical refractive system has not yet  been 

designed. However, the fact that the index of refraction is slightly 

less than unity means that x-rays incident on  a surface at sufficiently 

large angles (i. e., a t  grazing incidence) will undergo total external 

reflection. This is the basis for the design of grazing incidence x-ray 

imaging systems. Apart from t h e  simple pinhole, the only other x-ray 

imaging device that has been used for astronomical purposes has been 

the Fresnel zone plate (Mollenstedt et al . ,  1963). Large-area zone 

plates are difficult to fabricate. Also, the focal length is wavelength 

dependent, which is a serious disadvantage for imaging a radiation 

source s u c h  a s  the corona, which consists of many discrete l ines  

and a continuum. 

I 1  

2-1 



Giacconi and Ross1 (1960) were the first to suggest the use  of 

paraboloidal mirrors for x-ray astronomy. By using the far zone 

of the paraboloid, required because of the restriction to grazing 

incidence reflection, paraxial rays are imaged at the focus of the para- 

boloid. It is not possible to satisfy the Abbe sine condition with 

this sy$tem, or any other single reflection system, and the image 

suffers from severe comatic abemation. Wolter (1952a, 1952b) 

demonstrated that by the addition of a second reflecting surface 

which is coaxial and confocal with the paraboloid, the Abbe s ine  con- 

dition can be approximately satisfied and comatic aberration can be reduced 

to acceptable limits. Wolter studied the properties of three systems 

which use two successive figures of revolution. The generating 

curves are conic sections which are concentric and have a common 

focal point. Most high-resolution mirrors for x-ray telescopes have 

been of the paraboloid-hyperboloid configuration (Figure 4). T h i s  

design minimizes t h e  problem of mechanical alignment of the two elements 

since the two surfaces intersect and also maximize the reflectivity for 

a given focal length and diameter . The design principles for para- 

boloid-hyperboloid mirrors have been discussed extensively i n  the 

literature (Giacconi et  al . ,  1969; Mangus and Undemood, 1969; 

Vaiana, 1974; Van Speybroeck and Chase, 1972). 

* 

The fact that an x-ray telescope is limited to grazing angles of 

incidence (1 -2 ) results i n  the following practical consequences: 

(1) the ratio of the focal length to the diameter is large and (2) the 

geometrical collecting area is only a small fraction of the total 

polished surface area. 

* Chase and Van Speybroeck (1973) have designed a mirror system of the 
Wolter-Schwarzschild type (Wolter, 1952b) consisting of two coaxial 
mirror surfaces of revolution which results i n  strkt  fulfillment of the 
Abbe sine rule. A quartz surface mirror system of the Wolter-Schwarzschild 
tYPe has been flown by AS&E several t i m e s  as  part of a solar rocket payload. 

0 0  
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In  order to increase the projected frontal area of such  a telescope 

and, therefore, to increase the speed of the system, i t  is possible to nest 

several paraboloid-hyperboloid mirrors within the available aperture. 

The  imaging optics of the S-054 telescope consist of a nested pair 

of paraboloid-hyperboloid mirrors . 
Figure 5 shows the mirrors i n  cross-section, and Figure 6 is a 

photograph of the mirrors. The mirror surfaces consisted of a thin 

layer of Kanigen, a nigkel-phosphorous alloy, deposited on a beryllium 

support structure. Before the Kanigen deposition was applied, the 

support structure was machined to conform to the desired surface. The 

final optical figuring and polishing were performed on the Kanigen 

surface using conventional optical techniques . Table 1 lists the 

mirror system characteristics. 

* 

A s  the diffraction limit for the mirror system is extremely small 

arc seconds for 10 8 radiation), the practical resolution 

was limited by attainable surface tolerances. Resolution is relatively 

insensitive to surface finish, and the required mechanical alignment 

between individual paraboloid and hyperboloid sections was easily 

achieved using standard mechanical procedures. Figure 7 shows the 

tolerances a s  applied to the mirror surfaces. 

specified i n  a way which reflects not only the necessary accuracy in 

the different dimensions but also the methods of measurement which 

were employed. Imaging tests using visible light a t  grazing angles 

are not sufficiently sensitive to surface defects, and separate measure- 

ments of surface dimensions using precision mechanical methods and 

optical test plates were relied upon. More complete discussions of 

design tolerances can be found i n  Vaiana (1974), Vaiana et.al. (1974a) 

and Giacconi et. al. (1969) 

* The mirrors were manufactured by Diffraction Limited, Bedford, Mass. 

These tolerances are 
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Table 1 

Characteristics of the S-054 X-Ray Telescope Mirrors 

Focal length 

Diameter 

Geometrical area 

Length 

Surface Material 

Average grazing angle 

Fi lm scale 

Size  of Solar Image 

213 c m  

30 and 23  c m  nested pair 

42 c m  

34 cm 

Kanigen 

44. 7 arc min, inner mirror 

5 9 . 6  arc min, outer mirror 

0.001 cm/arc sec 

1 . 9  c m  

2 
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Although the surface finish of t h e  mirrors does not affect  t h e  

resolution significantly, irregularities of the surface modify t h e  

intensity distribution in  the image plane. That is, mirrors with a 

somewhat poor surface f in i sh ,  although having high resolution, will 

exhibit poor acutance since a substantial fraction of the  imaged 

power lies i n  the wings of t h e  distribution. The requirements for 

surface finish can  be specified in  terms of the Rayleigh criteria 

for a perfect reflecting surface, which is satisfied i f  surface ir- 

regularities introduce errors in the  reflected wavefront of less 

than a quarter of a wavelength. For radiation incident a t  a grazing 

angle 8 ,  the  he ight  of a surface deviation corresponding to a X / 4  

wavefront error is 

h = 1 /80  

For a wavelength of 8 . 3  8 and a grazing angle of lo, the resulting 

height is 60 8. Local irregularities with a size scale of 100-200 8 
are  quite evident in electron micrographs of Kanigen surfaces polished 

by conventional optical techniques. A substantial improvement in  t h e  

surface finish of t h e  ATM mirrors was achieved by using a chemical 

polishing technique after conventional optical polishing. 
* 

Since scattering by surface irregularities modif ies  the distribution 

of focussed radiation, the spatial variation of the  irradiance in  

the image plane is not a true representation of the  spatial  variation 

of the radiance of the  object. We can define a point spread-function 

** 

t 

* 
Applied Optics Center, Burlington, Mass. ** 

Irradiance is radiant flux density a t  a surface and is measured 
in  units of energy per unit area per unit time. 

*Radiance , a l s o  called specific intensity, is t h e  fundamental radio- 
metric quantity and is measured in  un i t s  of energy per unit area per 
unit of solid angle per unit t ime.  

2 -4 



a (x,y) for t h e  telescope, which gives the energy per unit area per 

unit time at  the point x, y i n  the  image plane for a point source wh ich  

yields unit energy flux density at the  entrance aperture of the te- 

lescope.  

The integral of the point spread function is the effective col lect ing 

area of the mirrors 

//a(x, y) dxdy = Ar 

where A is t h e  geometrical collecting area of the te lescope  and  r is 

t h e  reflectivity. Now if  we have a n  extended source of radiation 

which, i n  the  absence  of scattering, h a s  a n  irradiance distribution 

i n  the  focal  plane of E(x, y), the resu l t  of the  scattering is to produce 

a new distribution 

E '  (x,Y) = Ar //a (f,?) E(x-f,y-?) d f d 7  

Thus, i n  order to  determine E(x, y) and  ultimately the source radiance 

distribution from t h e  observations,  t he  above  integral must be decon- 

volved. The situation is further complicated by t h e  fact that  the 

point spread-function, both in  magnitude a n d  shape, is wavelength 

dependent and also depends on the posit ion of the source i n  relat ion 

to the  axis of t h e  mirrors. 

The  point spread-function must be determined from laboratory mea-  

surements. The point-spread function of the  mirrors was s tudied a t  

several  wavelengths between 7 2 (tungsten anode) a n d  4 4  2 (carbon 

anode) using a microfocus source of x-rays placed approximately 

70 meters from the mirrors. The space  between t h e  mirrors and  the 
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source was  evacuated. The focal plane distribution of radiation 

was  measured using both photographic f i l m  to  determine the  central  

portion of the response function and a .proportional counter  

provided with either a slit or a circular aperture to determine the 

"wings" of t h e  function. 

T h e  on-axis point spread-function of the mirrors a t  7 8 is shown in 

Figures 8a and  8b. There is a narrow central  peak (full width at  half- 

maximum of about three arc seconds)  and rather broad wings.  The 

narrow central  peak is cons is ten t  with laboratory t e s t s  wh ich  have 

shown that the mirrors clearly resolve x-ray point sources  1 arc  

second i n  diameter separated by 2 arc seconds.  The  presence of 

the broad ' 'wings" means tha t  t h e  power i n  the image spreads  out over 

a large area. Integration of the 7 8 point-spread function shows 

that 50% of the power i n  the image is outside a radius  of 48 a rc  

seconds and that 10% of the power is more than 5 arc minutes from the  

image center. Since the soft x-ray radiance of neighboring features 

i n  the solar corona may vary many orders of magnitude, t h e  signifi- 

cance  of the  point spread-function c a n  be readily seen.  Figure 9 

i l lustrates  the wavelength dependence of the point-spread function. 

The effective collecting area of the mirrors is less than t h e  geome- 

trical projected area and is wavelength dependent. The effective 

collecting area a t  7 8 and 44 8 has  been found by summing the 

respective s l i t -scan data and  also by placing a proportional counter 

i n  the focal plane to  co l lec t  the total imaged radiation. 

methods give t h e  same resu l t s .  Figure 1 0  compares the  experimental 

Both 
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values with a theoretical curve. The experimental points fall about 

a factor of two below the theoretical curve; this is attributed to 

large-angle scattering and shadowing by surface irregularities. 

2.2 X-Ray Filters 

A series of filters which select broadband regions of the soft x-ray 

spectrum were provided i n  order to obtain information about the 

physical parameters of the solar corona. They were chosen on the 

basis of experience gained i n  a series of solar rocket flights. The 

sensitivity, spectral range, and dynamic range required for obser- 

vations of a wide variety of solar phenomena were determined from 

these flights. In particular, the flights clearly identified a require- 

ment for very th in  organic filters which would allow the observation 

of x-rays from faint sources and at  long wavelenghts (greater than 

4 4  8). T h e  preparation of these filters required special techniques 

for fabrication, testing, and calibration. 

A total of six filters was used: five were mounted on a filter wheel 

(Figure 11) and the sixth formed an integral part of each f i lm magazine. 

The latter filter, the magazine window, always remained i n  the 

optical path and consisted of 1.2 x 10 

coated with 2 x lo-’ c m  of aluminum. This filter was made by uni- 

formly stretching a 2 . 5  x 10 

and then vacuum depositing aluminum on it. An additional prefilter 

also remained i n  the  optical path. Th i s  prefilter consisted of 1.4 x 

c m  thick aluminum foil supported by an  80% transmitting nickel 

-4 c m  of polypropylene ( C H  ) 2 n  

c m  thick f i lm to the  required thickness -3 

mesh. The prefilter assembly (Figure 12) was situated i n  front of t h e  

telescope mirrors, and i ts  primary function was to prevent unwanted 

ultraviolet, visible, and infrared radiation f r o m  entering the telescope. 
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Tab le  2 

C h a r a c t e r i s t i c s  of t h e  X-Ray Filters 

Measured  
F i l t e r  W h e e l  Nominal  Mass T h i c k n e s s  P a s s  Bands 
Pos i t i on  No. M a t e r i a l  T h i c k n e s s  (cm) (ms/cm2 L 

1 Beryllium 1 . 3  2 . 6 7  2-17 

2 Teflon* (CF2) 3 .2  x 1 0  0 .62  2-14; 19-22 

3 T 2-32; 44-54 

4 Parylene-N**(C8H8) 5 .7  x 0 . 6 5  2-18; 44-47 

3 

5 Beryll ium 5 . 1  9 . 5 4  2-11 

6 Beryl 1 i um 2 . 5  4 .72  2-14 

* Du Pont  Trademark 
** Union Carbide Trademark 
.f. Pos i t ion  3 was l e f t  empty.  The  w a v e l e n g t h  r e s p o n s e  i n  t h i s  

p o s i t i o n  is de te rmined  by t h e  m a g a z i n e  window, pref i l ter ,  
a n d  mirror reflectivity. 
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Table 2 lists t h e  character is t ics  of the  f i l ters  mounted o n  the fi l ter  

wheel. The wavelength passbands given are for the passband 

given are for t h e  0.5% transmission points and include the effects 

of the reflectivity of the  mirrors, the magazine window, and  t h e  

prefilter. 

2.3 The Objective Grating Spectrometer 

To obtain detailed information on the soft  x-ray spectrum, a n  x-ray 

transmission grating was included i n  the experiment. When th is  

grating w a s  placed i n  the optical  path,  t h e  instrument became a slit- 

less or objective grating spectrograph. T h i s  application of a trans- 

mission grating i n  t h e  soft x-ray spectral region w a s  f i rs t  proposed 

by Gursky and Zehnpfennig (1966), and  a rocket-borne telescope 

incorporating such  a grating was  flown by ASE in 1968 (Vaiana et a l . ,  

1969). For each  source i n  the field of view, the grating-telescope 

combination results i n  a real image (or zero-order spectrum) and  dis-  

persed monochromatic images bracketing it, including several  orders 

of the spectra. T h i s  type of system has moderate spec t ra l  resolution 

and is extremely efficient s ince  'all wavelengths and  all sources in 

the field of view are examined simultaneously. 

The transmission grating consis ted of a n  array of grating elements,  

e a c h  consis t ing of paral le l  absorbing strips supported by a parylene- 

C*(C8H7C1) substrate  thin enough (1.2 x lOW4cm) to be transparent 

to the soft  x-ray range of interest .  The parylene-C* subs t ra te  was 

f i rs t  formed on a thick replica of a conventional ruled grating (1440 

l ines  per mm) by precipitation from the vapor phase .  The thin plastic 

layer w a s  then stripped off and retained an impression of the grooves 

of the thick grating. T h e  absorbing s t r ips  were formed on  the p l a s t i c  

*Union Carbide Trademark 
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layer by vacuum deposition of gold to a depth of 1000 8. The 

dispersion i n  first order, corresponding to the grating spacing, 

was 0 . 5  arc minute per 8. 
The theoretical efficiency for the grating is shown a s  a function 

of wavelength i n  Figure 13; the efficiency decreases a t  short wave- 

lenghts because the gold becomes transparent and decreases at 

long wavelengths because the substrate becomes opaque. The peak 

a t  about 12 8 results from a favorable phase shift of the amplitude 

transmitted through the gold at  that wavelength. A certain amount of 

gold migration occurs during the shadowing process and results i n  

some loss of efficiency a t  long wavelengths. 

deposit was examined with an electron microscope. The experimental 

efficiency of the grating was i n  reasonable agreement with the theoretical 

calculation. 

The form of the gold 

The resolving power of the grating was measured by studying its 

ability to resolve the tungsten M doublet at  6.  74 and 6.97 A. Figure 14 

shows the result obtained from a multi-element target (primarily 

magnesium and tungsten) masked by a slit to give the appearance of 

a l i ne  source. The tungsten doublet is clearly resolved i n  the first 

order. The magnesium K l i ne  at  9.89 8 is also visible. T h e  spectral 

resolution, X/AX , i n  the first order is about 50  (at 7 8). 
Twenty-four separate grating elements were fabricated i n  the form 

of annular segments to conform to the annular apertures of the mirrors. 

In  assembling the grating, the angle between the dispersion axes of 

individual elements  was kept to less than f 1/2', which was 

sufficiently small so a s  not to degrade the spectral resolution. 
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2.4  Camera and Film 

A t  the  t ime of t h e  design and manufacture of the S-054 x-ray 

telescope, the  selection of a suitable detection device for the x-ray 

images raised several questions. The  only recording medium avail- 

able  with a resolution capability comparable to that of t h e  x-ray 

telescope was film. One of the  major advantages of the  Skylab mission 

was  that men were available for the first  t ime  to load and unload 

cameras and to return the  exposed f i lm  to  earth.  Tests with a 

variety of standard f i l m  types showed Kodak Pan-X emuls ion  to 

have a suitable sensitivity to the soft-x-ray range of interest. The 

presence of the attenuating protective gelatin supercoat, however, 

limited t h e  spectral response of the f i l m  at the longer wavelengths 

in the  2-60 8 range. A special unsupercoated emulsion was t h u s  re- 

quired. It was necessary to decide whether the f i l m  should be in  strip 

or roll form. Traditionally, strip f i l m  had been used in detection 

systems i n  short wavelength spectroscopy; however, the u s e  of 

roll f i l m  was both easier  from the point of view of design and was 

more efficient from t h e  point of view of economy of space, provided 

the  problems of abrasion and static discharge could be overcome. 

After considerable design, development and testing a t  both AS &E 

and Eastman Kodak Co., a suitable emulsion was developed. T h i s  

emulsion, Kodak SO 212, is an  unsupercoated Pan-X emulsion on a 

thin Estar base with a n  antistatic rem-jet * backing. 

The  film camera used in the S-054 instrument consisted of a shutter 

assembly and a replaceable magazine (figure 19. Each  magazine, of 

which there were four, had a capacity of about 356m of 70mm film, 

*Rem jet  (removable jet-black backing) is a dispersion of carbon black 
in a polymeric binder t h a t  is coated on the back of the  base  and is . 
removed in processing. 
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which was enough bor about 7000 exposures. One  of the magazines 

was reloaded i n  orbit with a fifth supply of f i lm.  The magazine 

contained a f i lm transport mechanism and produced a s e t  of four 

fiducial marks with each image to facilitate image location and 

aspect determination. The shutter assembly carried shutters for 

both the x-ray and visible light exposures. It also included a 

diode array w hic  h produced a p hotograp h i c  record of the following 

para meters: 

a .  The time a t  the end of each exposure, measured i n  days, 

hours , minutes,  seconds and milliseconds 

b. The  shutter duration t i m e  

. c. The frame count 

d. The grating and filter configuration. 

The visible light telescope system (see figure 3) had a fixed exposure 

time of 1/100 second duration. More flexibility in  selection of exposure 

time was required i n  t h e  case  of x-ray images, since the range between 

the radiance of quiet features i n  the corona and t h e  intense central 
9 region of a flare event can be of the order of 1 0  . Thus, a series of 

eight different exposure durations was available, ranging i n  factors 

of 4 from 1/64 second to 256 seconds and i n  combination wfth the 

filters, the required dynamic range was achieved. Since i t  is difficult 

to predict the intensity of any given coronal feature, a sequence of 

images was always taken with a starting point of 1/64 second and 

with a selectable exposure range of between 4 and 8 exposures. The 

frequence of sequence repetitions and the interval between frames 

in  a sequence were also variable to accommodate observations of the 

widely different time variations which occur in  the corona. 
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A summary of the various camera modes and exposure sequences 

is shown i n  Tables 3 and4 . The manual mode, single-picture 

rate setting, was used for most observations of quiet coronal 

structures and active regions, while the high, low and program 

picture rates were used primarily to observe flares and coronal 

transients. A typical day's observing program during manned 

operations required approximately 300 frames of f i lm.  Since a 

flare event required between 300 and 500 frames, only two or 

three s u c h  events were observed with each magazine. Figure 16 

shows the f i lm  usage a s  a function of t ime.  A diagram showing 

the configuration of an x-ray image with i t s  associated visible 

light image, diode array display, and fiducial marks is shown i n  

Figure 17 together with a portion of the exposed f i lm from one 

of the magazines. 
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Table 3 

Film Camera Opera t ing  Modes  

Picture Rate Mod e -M a nn ua 1 

Single  One sequence ,  high rate 
(0.3 second  interval)  

Low Repeated s e q u e n c e s  at  low 
rate (12 second  in te rva ls )  
for 12 .8  minutes or unt i l  
s top  command is i s s u e d  

High . Same as  low e x c e p t  with 
0.3 second  in t e rva l s  

Program Fi rs t  4 minutes at high 
rate, then  low rate of 
9 minutes or until stop 
command is i s s u e d  

Mode-Flare Auto 

One sequence ,  high rate 
(0.3 second in te rva l )  

Repeated s e q u e n c e s  a t  low 
r a t e ' ( l 2  second  i n t e r v a l s )  
as long  a s  f l a re  threshold  
is exceeded or unt i l  mode 
swi t ch  is set to manual  

Same as low e x c e p t  with 
0.3 second i n t e r v a l s  

F i rs t  4 minutes at high rate 
then low rate as  l o n g  as 
f la re  threshold is exceeded 
or until  mode s w i t c h  is s e t  
to manual 
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Table 4 

EXPO- 
S ure 

Film Camera Exposure Sequence Cycles  

Duration of Total 
S eque nc e s 

High Rate Low Rate Frames per 
Ranue Exposure Times (sec) (see) (set) Sequence 

1 1/64, 1/16, 1/4, 1 2.5 49.3 4 

4 1/64, 1/16, 114, 1, 4 6 .8  ' 65.3 5 

16 1/64, 1/16, 114, 1, 4, 16 23 .1  93.3 6 

64 1/64, 1/16, 1/4, 1, 4, 16, 64 87.4 169.3 7 

2 56 1/64, 1/16, 1/4, 1, 4, 16, 64, 
256 343.7 437.3 8 

Auto Exposures determined by scin. detector 
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2 . 4 .  1 Film Calibration 

The information on the sensitometry of f i lm  in  this wave- 

length region available to us as we began the analysis of the Sky- 

lab data was very scanty. Apart from some work which had been 

done i n  support of X-ray imaging experiments on sounding rockets, 

mainly a t  AS &E and the University of Leicester (see e. g. Atklnson 

and Pounds, 1964; Giacconi et al. , 1969), studies of t h e  X-ray 

response of f i lm  had dealt with higher energy X-rays. Accordingly 

it was necessary to develop the required experimental techniques 

in  order to explore the ill-understood area of soft X-ray photographic 

sensitometry. 

The X-ray response of the  film is being studied in  a labora- 

tory program whose objective is to generate tables of net density 

versus deposited energy as a function of X-ray wavelength. The  

approach we use  is to produce absolutely calibrated step wedges 

("sensistrlps") on film from each of the five Skylab film loads. The 

sensistrlps are made at several wavelengths and cover the  entire 

density range of the f i lm,  up to D 3.3 diffuse density with max 
about 20 energy steps. We find that the X-ray respone of the film 

varies slightly from roll to roll within a single emulsion batch, 

because of effects such  as life history and, to some extent, manu- 

facturing tolerances. In addition, there are appreciable variations 

i n  t h e  background fog due to"the space environment as well as 

small but non-negligible differences i n  the sensitometry produced 

by different f i lm  processing runs. Consequently, an  individual 

calibration is required for each of the five f i lm loads. Our progress 

toward this objective has involved the production of more than 150 

sensistxips up to this t ime. 
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Part of the required calibration information is obtained 

f r o m  the analysis of 8.3  and 44 8 sensis t r ips  prepared before the Sky- 

lab mission. These were made in  identical pairs a t  each  wavelength, 

one member of which was  flown with each f i l m  load while the other was 

stored on t h e  ground i n  a freezer. The members of a pair were processed 
together with the  flight fi lm. T h e s e  strips provide information on  

the effects of the space  environment. Additional sensis t r ips  pre- 

pared later have been used to monitor the consistency of t h e  sensi-  

tometry among flight f i lm  processing runs and to determine the  

response of the  film at  other wavelengths. 

describes the  technique used to produce the  X-ray sensis t r ips  and 

review the  results obtained from analyzing them. 

The following discussion 

Since i t  is not possible to reproduce t h e  spectrum of the 

million degree solar coronal plasma in  the laboratory, we  have 

adopted t h e  approach of performing the  f i lm calibration using X-rays 

with selected, approximately monochromatic, wavelengths. The 

X-ray telescope recorded solar images through broad band filters, 

for the most part, so the analysis of the  data does not require 

knowledge of the detailed wavelength dependence of the f i lm  

response. It is sufficient to calibrate the  f i l m  at a few wavelengths 

which give the  average behavior over the passband of the filters. 

A s  a practical  matter, it is convenient to work with K or 

L characteristic lines of metals or carbon, since X-ray anodes and 

thin monochromatizing filters may easily be made directly from 

these materials. For these reasons, characteristic l i nes  of alumi- 

num, copper, iron, t i t an ium and carbon a t  respectively 8.34 ,  13 .3 ,  

17.6,  2 7 . 4  and 44. 7 2 were chosen (see Table 5). 

The test f i l m s  were e m o s e d  in  a vacuum chamber, as 

shown schematically in  Figure 18. The f i l m  was placed i n  a light- 

tight container having a rectangular thin window i n  front, to allow 
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Table 5 Materials used to generate soft X-rays 

Overall 
' Jump at  Ab- 

Transmission at  
C ha ra c te ri s t ic  

Filter Thic kne s s Energy somtion Edqe k (8, Material Enerqy 

8.34 Aluminum 1486 e v  

13.3 Copper 930 

5P 

2 

0.268 19 1 

0.040 3.5 x 10 6 

11 
17.6  Iron 705 3 0.0040 3 .8  x 10 

27 .4  Titanium 452 2 0 .036 

44.7 Carbon 277 2000 8 Aluminum 0.175 
+ l p  Polypropylene 

7 
2 .3  x 10 

53 



exposure of t h e  f i l m  to a spatially-uniform flux of X-rays generated 

by a hot-filamendpositive-anode type source about thirty inches 

away. Small light-trapped holes in  the f i lm container vented i t  

during chamber pumpdown, to protect the thin window. The X-ray 

flux was monitored with a proportional counter, enabling us to 

calculate the energy deposited onto the fi lm. An energy range of 

about 10 was covered in  sixteen to twenty steps by means of 

varying-thickness step filters ("intensity base") a t  8 . 3  8 and 44 8, 
and by means of a movable shutter ("time base") a t  all wavelengths. 

Comparisons of intensity-base and time-base results at  8 . 3  and 44 

8 wereused as a partial check  on the consistency of our energy 

calculations . 

5 

Mechanically, the light-tight containers, called "sensi- 

tometers.?, are built to hold strips of film 70 mm wide by about 

14 inches long, and consist of three parts: the main body, an 

insert containing the  light-tight thin window, and a light-tight back. 

The f i lm  is held emulsion side forward, about 1/2 inch behind the 

window. For 8 . 3  61, the functions of light-tight window and s t e p  
. 

filters are combined i n  a series of overlapping layers of 0. 00025- 

inch aluminum foil, arranged to provide a sequence of steps each 

5 mm wide. The thirty inch  distance between the source and the 

f i lm provides sufficient collimation so that there is negligible 

shadowing a t  the step boundaries. For 44 .7  1, the  thin window is 
approximately one micron of stretched polypropylene onto which 

2000 8 of aluminum has been vacuum deposited to make i t  light 

proof. The step filter consists of layers of stretched polypropylene, 

each two microns thick, which gives a transmission of about 0.6 

per step. The edges of the steps are not straight, but are catenary 

shaped, to avoid flow of the polypropylene as it  ages  or i f  i t s  

temperature changes. The step filter is clamped to the front of t h e  

sensitometer, directly outside the  aluminized window. 
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The monochromaticity requirements o n  the  X-rays are not 

stringent. Characteristic K or L l ines  from solid targets have 

inherently small widths, but the electrons hitting t h e  anode also 

gen'erate bremsstrahlung X-rays in  addition to the characteristic 

line. The bremsstrahlung constitutes a background covering the 

entire range from very low energy up to the energy corresponding 

to the anode voltage. It is necessary to filter out this bremsstrah- 

lung at wavelengths other than the desired line. T h i s  is done by 

making the light-tight window of the same material as t he  anode, 

e. g., aluminum foil for a n  aluminum anode, stretched polypropy- 

lene for carbon. The thin windows have sharp  transmission maxima 

at wavelengths just  slightly greater than t h a t  of the  characteristic 

l ines  due to the K (or L) absorption edges,  and thus act as mono- 

chromatizing filters. 

The anode voltage a t  which the source is operated affects 

both t h e  X-ray f lux and the purity of t h e  spectrum. A s  the voltage 

is  increased the  output  flux of the characteristic l ine  increases  

strongly. A t  the same t ime the cut-off i n  t h e  bremsstrahlung spec- 

trum moves to  higher energies at  which the filter transmission is 

greater. Because t h e  bremsstrahlung emission spectrum falls off 

for photon energies approaching the anode voltage, there is some 

flexibility i n  choosing t h e  anode voltage. For each wavelength a 

maximum voltage was chosen based on a n  assessment  of tolerable 

spectral contamination by higher energy bremsstrahlung versus the 

desirable counting rate. 

The  t i m e  required to make a sens isMp whose densest  s t e p  

approaches D is a function of the  flux. With our apparatus, i t  

varies from a few hours at  8.3 A to some weeks a t  17.6 E. The t i m e  
for the latter wavelength is reduced i n  practice by  not going all 

the  way out to D but rather, cutting off i n  the shoulder region 
of the characteristic curve. This  reduces the t i m e  required to only 

one week of continuous running. 

0 max 

max' 
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The response of the f i lm is given i n  the form of H-D curves,  

i n  which the diffuse density is plotted aga ins t  the logarithm of the  

X-ray energy deposited. X-ray H-D curves, l i k e  those for visible 

light, have well differentiated toe, straight line, and shoulder 

regions. The slope of the  straight l ine  portion, y,  is one of the 

experimental parameters describing the  characteristic curve. The 

energy where this straight l ine intercepts t h e  background density 

level  is a measure of the speed of t h e  f i l m .  I n  our work, we use  

the speed parameter, 'lap", defined as  0.5616/Eo, where E is 

the energy of t h e  intercept, and the  proportionality 0.5616 comes 

from a model which will be discussed in  the last  section. The 

other parameters describing the  H-D curves are D the  background 

density level,  and D the maximum net density. For our pur- 

poses,  the actual f i lm  base density and the  chemical fog produced 

in  processing are lumped together in  D b' 
tables are generated from ap, y,  D and D by computer program. b max 
Therefore, our calibration effort has been concerned with determining 

these four parameters for each of the five Skylab f i lm loads as a 

function of X-ray wavelength. 

0 

b' 

max' 

The film calibration 

The response of t h e  f i lm is, of course, affected by the 

space environment. Table 6 gives the fog levels for the Skylab 

f i lm loads. The effects are  an increase in  the density i n  the toe 

region, a decrease in  y, and a reduction of density i n  t h e  shoulder 

region. The la t ter  effects are assoc ia ted  with a loss of developable 

grains in  the  emulsion: that  is, a loss i n  film speed. Sensistrips 

made at 8.3 and 44 2 were flown with each f l igh t  f i lm load and are 

used to eliminate t h e  effects of background fog from the density to 

energy conversion. Figures 19 and 2 Os how some sensis t r ips  made 

in  matched pairs at 8.3 and 44 8, one member of each pair  on 

fogged f i lm and one on unfogged film. The effect of defogging is 
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Table 6 Foq levels in  the A T M  fl iqht film loads 

Film Base and Additional Net  Fog 
Maqazine Chemical Foq Due to Soace Environment 

A 

B 

C 

D 

E 

0.11 

0.11 

0.11 

0.11 

0.13 

0.03 

0.11 

0.11 

0.23 

0.08 
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qualitatively the same in both cases, although of course w e  see t h a t  

the  overall shape of the c w e  depends on the wavelength involved. 

a t  8 and vs Dunfogged f i lm  Figure 2 1 shows a graph of Dfogged film 

44 8, drawn f rom the data of Figures 4 and 5. The same straight 

l ine fits the  data a t  both wavelengths i n  the  linear region. Thus, 

a linear correction is satisfactory, I. e. , 

+ B  - - 
Dfogged cy Dunfogged 

is the density produced on unfogged f i lm  by a where Dunfogged 
given X-ray exposure, is the density on fogged f i lm  due Dfogged 
to the same exposure, and Q and B are constants independent of 

wavelength. Microdensitometer s cans  of flight f i lm are corrected 

to give corresponding unfogged densit ies without consideration of 

the spectrum of the original incident radiation. 

The parameters of the sensitometric curves depend strongly 

on  t h e  details  of the  development of the film. The shoulder region 

is especially sensi t ive to processing chemis t ry .  The developer 

replenishment rate m u s t  be carefully matched to the total amount 

of si lver being reduced, which varies from magazine to magazine 

because of different fogging levels.  In order to obtain the required 

large dynamic range i n  the  solar photographs, our f i lms  were 

developed to give visible l ight  y of about 1.4. Development was  

7 . 5  minutes i n  D 9 6  at 68 OF, i n  a modified cine-type processor. 

Excellent uniformity of the sensitometry was achieved, as for three 

of the runs shown in  Figure 2 2  

Our main results are  the behaviors of y and ap as functions 

of X-ray wavelength a s  shown i n  Figures 2 3  and 24 for one of t h e  

Skylab f i lm loads. Figure 23  shows y vs  wavelength and Figure 24 

ap v s  wavelength. The error brackets reflect the range of uncer- 

tainty i n  determining y and ap from sens is t r lps  a s  well as the 

statistical variations present even among sensistrlps exposed and  

developed together. 
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An effort to produce a model for the film response (Van 

Speybroeck, 1969) resulted in  an expression which has been used 

quite successful ly  as a four-parameter fit to the experimental H-D 

curves. The  model was derived from arguments based on the amount 

of energy deposited locally i n  a region of the emulsion. The deri- 

vation ignored many factors, especially the development chemistry 

and i t  is no surprise that the f i lm response predicted by t h e  model  

is only qualitatively correct. However, quantitative reproduction 

of the data is obtained by adjusting the parameters of the model 

empirically. 

The gross diffuse density, D, corresponding to X-my 

energy deposition is given by: 

D = D b t D  [l - $ Ei(apE) t max 

where Db, Dmaxa . ap and pt = (2*3Dmax)/y are the parameters 

whose values are obtained from experimental  data. The notation 

E i  represents the  exponential integral: 

The expression is in  suitable form for evaluation by computer. 

Values of reduced x well below unity are achieved routinely on a 

scale where x = 1 corresponds to a n  uncertainty in  density of 

about 0.01 to 0.02. For example, Figure 25 shows a comparison of 
2 experimental and computer fitted points. The x of the fit is 0. 7. 

Thus, t he  model can be used, together with the experimental data 

on the wavelength dependence of the ap and y shown in Figures 

23 and 24 to interpolate between H-D culves measured at different 

wavelengths. The parameters D and D are independent of 

2 

2 

b max 
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wavelength. Figure 25 also may be taken to represent the goodness 

of f i t  of the  computer-generated curves to the experimental results 

that would be expected i f  t h e  interpolated H-D curve could be com- 
pared wi th  a n  experimental sensistrip at the same wavelength. The 

two curves agree well everywhere, although not as  well i n  the  

shoulder region and toe-to-center transition region as elsewhere. 
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2 . 4 . 2  Film Processing 

To provide for the proper development of this  film it was 

necessary to choose the target sensitometry, and to establish 

tolerances on t h e  process sensitometry to achieve a high degree 

of photometric control. An acceptable variation in density for a 

sensitometric exposure was defined a s  .O. 03 diffuse density 

units throughout the D log E curve. The tolerance imposed on 

departures from the target gamma was 2 0.06. With these  stringent 

requirements on the processing sensitometry the photometric 

accuracy would be assured. 

It was obvious from the development tolerances, the  

quantity of the film, and the physical handling requirements, that 

a suitable processing machine would have to be procured. There 

are basically two different types of wet development from which to 

choose: immersion or spray development. It was felt tha t  a n  

immersion development system would more easily provide the  

processing reliability that was called for. Some of the other factors 

involved in  the final design of a processor were the total number of 

processing steps,  the throughput speed, and  the overall physical 

s i ze  of the machine. 

The approach taken to meet the  strict development toler- 
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ances  w a s  one of overwhelming brute force: using a very large 

volume of developer in  order to minimize the magnitude of changes 

in  such parameters as temperature and chemical composition. The 

2 ratio of f i l m  area to developer volume was approximately 34 c m  

of f i l m  per l i ter  of developer. The remainder of the  processing 

s teps  are designed to exceed the requirements for archival per- 

manence of the photographic image. 

The recommended developers for 3400, the  "parent" of 

SO-212, were originally D-19 and D-76 and more recently Versamat 

Type A chemistry. The D-19 and Type A chemistries were designed 

to produce a high gamma required for high altitude aerial photo- 

graphy where the inherent image brightness range is low. Our 

imagery, on the other hand, has  a very high brightness range, 

necessitating a lower gamma process. The brightness range of 

the "quiet" sun is approximately 10 as illustrated in  Figure 26.  

With a solar flare in  the  field of view, th i s  range can increase to 

10 or 10 . Kodak's D-96 developer that has been used in  the  

motion picture field for many years, is a so-called negative 

developer designed for machine processing. With this  developer 

we could easi ly  achieve a Y in  the range of 1.2 to 1.6. These 

values of 7 give the desired photometry consistent with the exposure 

variations that were programmed into the instrument aboard Skylab. 

Processing this  f i l m  to the maximum gamma achievable would 

3 

5 6 
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undoubtedly increase the energy resolution, but would have 

reduced the photographic usefulness of the data. 

The approach used to monitor t h e  constancy of the  devel- 

opment process was  twofold: sensitometry and chemical analysis.  

The sensitometers were a Kodak Model 10 1 Sensitometer for t h e  

visible light sensitometry and soft X-ray sensitometers of our own 

design for the various monochromatic X-ray wavelengths (as discussed  

in a companion paper, Simon et. al. , 1974). The chemistry para- 

meters monitored were the developer pH and  the concentration of 

potassium bromide, which was  found to be a necessary adjunct to 

sensitometry in  determining the proper replenishment ra te  for a 

given average density on t h e  f i l m .  With this  process control, 

development consistency was  achieved throughout each  of the 

five 1300 ft. rolls of f i l m .  

An added complication of the process control w a s  not 

being ab le  to develop a l l  f ive rolls at the  same t i m e .  As shown 

in Table 7 the first roll was  processed in  Tune of 1973, rolls 2 

and 3 were processed in October 1973, roll 4 in February 1974 

and roll 5 in March 1974. 

a fresh batch of chemicals, preceeded by the appropriate calibration 

runs to verify t h e  reliability of the machine and the  chemistry. It 

was  found that by controlling the other development parameters 

very closely, such as temperature to 2 0.3 F, development t i m e  

Each of these processes w a s  done i n  
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Table 7 

PROCESS CONTROL FOR SO54 FLIGHT FILM 
VISIBLE LIGHT SENSITOMETRY 

MAGAZINE LOAD NO, DENS I TY VALUES FOR A L O G E = ~  I 0 
PROCESSING DATE L I N E A R  REGION OF CURVE 

#1 

#2 

#3 

#4 

#5 

JUN 73 

OCT 73 

OCT 73 

FE8 74 

MAR 74 

I 76 

I 81 

I78 

2110 

2121 

2,18 

I 7 8  2,24 

I 80 2m21 

GAMMA 



to - t 1.5%, and maintaining the agitation rate at a moderately 

high and consistent level, we were easily able to attain the 

very high processing standards we set for ourselves. 
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2 . 5  Photoelectric Detection Systems 

The  primary instrument of the S-054 experiment was the photo- 

graphic x-ray telescope described in  the preceding sections. 

Two secondary photoelectric x-ray detection systems were also 

provided to assist  the Skylab crewmen in  operating the telescope 

and to obtain complementary high-energy x-ray data during flare 

events . 
T h e  first of these systems was a scintillation detector consisting 

of a NaI(T1) crystal, a 14-stage photomultiplier, and associated 

electronics. T h e  crystal was 2. 5cm i n  diameter and 1. Ocm 

thick. A thin, .05cm beryllium window was bonded to the front 

face of the crystal. The combination of window, bonding material , 

and a thermal shield limited the low energy response of the detector 

to x-rays with energies greater than 1. 5 KeV. On the h i g h  energy 

side,  the crystal detection efficiency dropped below 50% a t  120 KeV. 

The  detector, which measured t h e  x-ray flux density from t h e  whole 

solar disc, had two simultaneous modes of operation. In the first 

mode, the photomultiplier output pulses corresponding to energies 

greater than 10 KeV were sorted by means of an  eight-level pulse 

height analyzer. In the second mode, the average DC level from 

the photomultiplier was monitored. This signal was also the input 

to an audio and visual flare alarm system to alert the astronauts 

to the occurrence of a flare on the s u n .  

The second photoelectric detection system was an x-ray "finder" 

telescope. Th i s  unit consisted of a small x-ray mirror (7 .6cm 

diameter, 81cm focal length) mounted coaxially with the primary 
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telescope mirrors and an x-ray image dissector. Figure 

shows a block diagram of the system. A 0.0125cm thick CaF2(Eu) 

scintillation crystal was bonded to the face plate of the image 

dissector tube and was located a t  the focal plane of the small 

mirror. This  crystal served a s  an x-ray to visible light 

converter and was optically coupled to the photocathode of t h e  

image dissector tube by means of fiber optics. 

In this experiment, the image dissector s i g n a l  was used to 

modulate a cathode-ray tube display; the deflection plates of the 

image dissector and cathode-ray tubes were driven synchronously, 

and thus a real-time image of the s u n  was obtained. Approximately 

one second was required for a complete image scan with a 

resolution of one arc minute. The  cathode-ray tube was located 

on the astronauts' ATM control and display panel i n  the multiple 

docking adapter of Skylab. Us ing  the display, an astronaut could 

locate a flare event and point the telescope to within one arc minute 

of its position. 

2 . 6  Thermal Control and Electronics Systems 

I n  addition to the telescope assembly, the  experiment also included 

a main electronics assembly and a thermal control assembly. 

Commands to t h e  experiment and telemetry data from the experiment 

were processed through the main electronics assembly. 

electronics assembly was mounted separately from the telescope 

assembly on the ATM supporting structure. The thermal control 

assembly was mounted near the telescope on the ATM spar. 

The  
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The overall power requirements were 100 watts average, 140 

watts peak at 28  volts. The largest items i n  the power 

budget were the thermal control assembly (50 watts average, 

78 watts peak) and the main electronics assembly (31 watts, 

average and peak). 

The scientific data available on telemetry included the following: 

scintillation detector output, image dissector count, picture 

count ( a record of frames expended); X-ray exposure duration: 

camera shutter status; filter wheel position: grating position, 

ATM pointing information (pitch, yaw and roll). 

Housekeeping data were also telemetered to ground. T h e s e  data 

included: temperatures at  four locations i n  the telescope assembly 

and two i n  the camera assembly: and power supply h igh  and low 

voltages. 

The  thermal control system was designed to maintain the telescope 

assembly a t  70 k 2 F, assuming a nominal ATM canister temp- 

erature of 55OF. It was fully redundant with primary and secondary 

control loops . 
Since long intervals of the Skylab mission were unmanned, 

provision was made for limited operational capability by means 

of ground command. Grating position, picture rate and exposure 

range could not be controlled by this means and had to be pre-set 

by the astronaut. However, exposure sequences could be initiated 

or terminated, and filters 1, 2 and 3 could be selected by ground 

command. 

0 
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3.0 SCIENTIFIC OB JEC TIVES 

The scientific objectives of t h e  S-054 experiment which guided 

t h e  pre-mission planning and mission operations provide the 

framework for the ana lys i s  of t h e  data.  

t h e  data reduction a n d  ana lys i s  program have also produced 

refinements in the emphasis and the approach to the tasks .  

The  scientific objectives were formulated in a l is t  of thirty-four 

Problem Objectives which were discussed in  detail i n  ASE-3242. 

T h e  initial phases  of 

In 1975 the emphasis of t h e  work has been on t h e  morphological 

studies of a variety of topics. The morphological work is a 
necessary preparation for and companion to quantitative analysis .  

The la t ter  requires a fairly elaborate system of programs, program 

packages, and catalogs which are  continuously being developed 

and updated. While the complete development of a system with 

the necessary complexity is a long term effort, substant ia l  

quantitative work is possible  now. In the coming year further 

improvements will  aid in the performance of t h i s  ana lys i s  both 

for scient is ts  i n  t h e  S-054 group and guest  investigators from 

outside institutions. 

The  following is a summary of t h e  objectives which have been 

and are being pursued and which will be the focus of our future  

work. The  topics include: 

A .  The emergence of magnetic field into t h e  corona 

from lower leve ls  and the birth of coronal features. 
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B. 

C. 

D. 

E. 

F. 

G. 

The reconnection and  dispersion of the magnetic 

field. 

The fundamental flare process and  the mechanisms 

for plasma heating, the release of stored energy, 

and cooling of t h e  flare plasma. 

The magnetohydrodynamics of t h e  inner corona 

represented by t h e  transformation of t h e  f inely 

structured photospheric and chromospheric magnetic 

fields into the large scale fields of t h e  outer corona 

and interplanetary medium. 

The temperature and densi ty  distributions i n  coronal 

features  and their evolution, including changes  assoc- 

ia ted with transients.  

The relation between coronal structures and the 

solar cycle. 

The relationship between the structures of the inner 

corona and the solar wind. 

The Joint Observinq Program (JOP). 

The  ATM experimenters as a group, developed a number of 

observing programs designed to study specif ic  solar features  or 

phenomena and hence to investigate spec i f ic  problems i n  solar  

physics. In general, relevant ATM instruments observed the 

same feature either simultaneously or sequentially during t h e  
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performance of a JOP. The JOP's were subdivided into a series 

of mission objectives (MO) which took the form of specific 

observational techniques or of feature subclassifications. Each 

MO was then made up of a succession of fundamental observing 

sequences or Building Blocks. In designing the Building Blocks 

an attempt was made to select the operating modes of each 

experiment which were particularly suited to a given type of 

observation, s u c h  a s  spatially resolved observations of faint 

or bright features, flare observations, etc. 

An additional advantage gained from the coordinated JOP 

approach was the relative ease with which the daily observing 

program and near-real time changes to that program could be made. 

It also made possible a much wider range of coordinated observa- 

tions. While i t  was generally beneficial for t h e  five ATM 

experiments to take simultaneous observation of solar features 

of phenomena, t h e  scientific value of the data increases still 

further if  accompanied by simultaneous ground based observations. 

For instance, observations of an active region are greatly enhanced 

if, at  least, corresponding Ha, CaK, magnetic field and micro- 

wave radio observations are also available. 

For further information on mission operations see the ATM Experi- 

ments Reference Book, NASA LBJ Space Center, EVA & Experiments 

Branch, Crew Procedures Division (1973). 
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3.1 Morpholoqical Analysis 

Visual inspection of X-ray images provides information on the 

three-dimensional structures present in the solar corona. T h e  

lifetimes of various features can be examined and their evolution 

described qualitatively a s  they cross the solar disc.  The  

outline of flare structures can be determined and their evolution 

throughout the flare rise, flare fall, and post-flare phases can 

be determined. 

Characteristic dimensions can also be obtained from the images. 

It is of considerable interest to know the range of sizes of 

X-ray active regions, coronal flux tubes, and structures assoc- 

iated with filaments and prominences. 

Comparisons can also be made with other solar data. The 

X-ray features can be compared with ground-based magneto- 

grams, H @.,, Ca K, etc. and with other space observations, such  

a s  the Skylab XUV, UV and white l igh t  coronal data obtained 

simultaneously with the X-ray data. 

In order to provide the photographic medium best suited for a 

particular scientific investigation, we have developed an 

extensive photographic facility. Five major forms of photo- 

graphic presentation are currently produced for these i n  

vestigations. They are: 

a. Contact reflection prints. The purposes of the ref- 
lection prints, high-quality "proof prints", are to give a sub- 
jective representation of the information content of the original 
images and to provide a "quick look" at  t h e  data for the selec- 
tion of images for further photographic presentation. 
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b. Magnified (5x1 images o n  transparent intermediate 
nagative ("Interneg") f i l m  s tock with a n  information content 
comparable to  that of the original f i l m .  These enlarged 2P's 
(second generation, posit ive image) a r e  used for detai led 
morphological s tudies .  

copies .  These are used with a n  opt ica l  viewer for evaluation 
of time variations, the l ifetimes a t  various features, and  for 
the detection of new coronal phenomena. 

High-quality reflection prints (5x) produced from 
"Internegs ' I .  T h e s e  presentations,  because  of t h e  limitations 
of photographic paper, have a smaller dynamic range than 
presentations (b) and (c). However, the exposure and  contrast  
may be se lec ted  to  display a feature of interest i n  a n  optimum 
manner. 

e. Motion picture f i l m s .  T h e s e  are used to i l lustrate  
the evolution of features or events ,  short-term structural  changes, 
etc. 

C. Wide dynamic range, unity magnification, f i lm 

d. 

Figure 2 7  i l lust rates  the sequence of production of the various 

presentations.  A more comprehensive discussion of the prepara- 

tion of the photographic material c a n  b e  found in the paper by 

Haggerty et al. (1974). The contact  reflection prints can be 

thought of as h igh  quality proof prints. Aside from the fact  tha t  

it is imperative to minimize the use of t h e  original film, there is 

a m u c h  more basic  photographic problem. The dens i ty  range of 

the imagery is exceptionally high. In  a given exposure, there 

is useful information a t  densi t ies  close to base p lus  fog all the 

way up to  density values  of approximately 3.2 T h e  saturation 

densi ty  of t h e  f i l m  for the process  that  was  used is 3.3,  a s  

shown in  Fig. 28. It is well  known tha t  the maximum usefu l  

densi ty  range that can be printed on a photographic paper is 
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approximately 1.5. It would therefore take three different 

exposure leve ls  on the paper to  record the ful l  dens i ty  

range of a single original image. 

A m u c h  more logical approach would be  to compress the 

original density range in  one or more photographic s t e p s  o n  

f i lm .  A pair of companion f i l m s ,  Eastman Fine Grain 

Duplicating Posit ive 5366 and Eastman Fine Grain Duplicating 

Negative 5234 appeared t o  possess t h e  necessary character-  

i s t i c s ,  a s  shown in  Fig. 29. The  sequence i n  which we use  

t h e  f i l m s  is opposite to  their  normal usage, that is, we use 

the low gamma 5234 a s  the master positive and then print 

back to  5366 a s  the duplicate negative. By processing t h e  

5234. t o  a gamma of approximately 0. 55 and the 5366 to a 

gamma of approximately 1.4 we achieve a product gamma of 

approximately 0.77, which when multiplied by t h e  original 

densi ty  range yields a printing negative with a densi ty  range 

of approximately 2.2, as shown i n  Fig. 30. 

further reduce the densi ty  range of the printing negat ives  would 

resul t  in  a sacrifice of contrast  in  the toe region of the original 

image that is too great. 

Attempting to  

W e  are better able to tolerate a loss of information content  of 

the highlight regions of the long exposure images because  there 

are other images of lesser exposure leve ls  i n  a camera sequence 

designed to  record the brighter regions of the  sun. Therefore, 

the reproduction process  is tailored more toward the low densi ty  

areas of the original image. 
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The image size of the solar disk on t h e  original f i lm  is slightly 

under 2cm in  diameter. To do  any  meaningful visual  morpholog- 

ical ana lys i s  th i s  image must be photographically enlarged to a 
more workable s ize .  The magnification we chose as a standard 

yielded a disk of 10.8 c m  i n  diameter for exposures taken on  

1 June 1973. T h i s  magnification also has the added convenience 

of allowing the use of a standard 8 x 10 sheet of photographic 

material t o  record the f u l l  image including the extended corona. 

These  enlarged 2 P's (second generation, positive image) 

compress the large density range of t h e  original image to  a 

photographically more usable value. T h e  material se lec ted  

for the enlarged 2 P's is Kodak Professional Copy Film 4125. 

T h i s  f i l m  has  a unique D log E curve: it is a compound curve 

with two dist inct  slopes.  I n  the h i g h  dens i typar t  of the curve 

the s lope is steeper,  having a gradient of 1 . 7  compared with a 

gradient of 0.45 for the low densi ty  end. The value of this  

curve is twofold: i t  enhances the apparent contrast of the low 

density par ts  of the original image and  i t  compresses t h e  overall  

densi ty  range. Enlarger flare also helps to some extent  i n  com- 

pressing th i s  density range. In producing the enlarged 2 P's 

t h e  exposure and processing parameters are  controlled very 

closely,  so that the base plus  fog region of the original f i lm 

produces a target densi ty  o n  the 4 1 2 5  of 2 .0  

regions of t h e  original f i lm  are reproduced a t  a dens i ty  of 

approximately 0.15. Thus, we have a n  enlarged f i l m  posit ive 

which reproduces nearly all of the de ta i l  of the original image 

i n  a m u c h  more manageable densi ty  range. From th is  point, 

using conventional photographic processes ,  w e  can produce 

high quality reflection prints,  s l i des ,  motion pictures or 

whichever photographic medium is bes t  suited for a particular 

scient i f ic  investigation. 

0.05. The  DMAX 
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3.2 Quantitative Data Reduction and Analysis 

The  methods by which coronal plasma parameters, such  a s  electron 

temperature and density a s  a function of position, are determined 

from the  x-ray images will  be discussed i n  t h i s  section. 

The x-ray images are scanned by a Photometric Data System 

Model 1 O l O A  microdensitometer with a n  aperture of 20 micrometers 

(2 arc  seconds). The resulting digit ized'  density arrays are 

stored on magnetic tape. Approximately one hour is required to  

scan  the full solar disc.  The density arrays are converted into 

digitized irradiance arrays ( the distribution of energy per unit 

area per unit t ime deposited o n  the fi lm) by means of the f i l m  

calibration curves and a correction for fog. Since the f i lm  is wave- 

length dependent and the incident wavelength distribution is not 

known a priori, this procedure is a n  iterative one. In principle 

these arrays should be deconvolved i n  order to remove t h e  effects 

of telescope scatter.  In practice,  a t  the present time, deconcolu- 

tion is only done for special purposes. Without deconvolution in 

a number of c a s e s ,  i t  is s t i l l  possible to obtain useful information 

about t h e  temperature and density structure of various coronal features.  

In  order to relate the focal plane irradiance distribution to  the 

coronal parameters, a quantitative relationship between the 

radiation emitted by the corona and that imaged by t h e  te lescope 

is required. Details of t h i s  process can  be found i n  Vaiana, et. a1 (1975). 
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3.3 INFORMATION FOR NSSDC USERS 

3.3.1 Note on Quantitative Analysis 

Every reasonable effort has  been made to insure that  t h e  copy 

f i l m  sen t  to  the NSSDC is of t h e  highest quality possible ,  both 

photographically and  photometrically. However, there is a n  

inevitable degradation in resolution and in sensitometry involved 

i n  any copy step.  W e  have found that quantitative work must 

be performed with the original f l igh t  f i lm and  strongly urge 

users of copy f i l m s  not to attempt quantitative ana lys i s  from 

these images. The images can  be used for morphological 

work s u c h  as  is performed by the S-054 team, aga in  with the 

caution that t h e  original will a lways contain more information 

than any  copy. 

The flight original is kept i n  a secured, environmentally 

controlled area a t  American Science and Engineering in  

Cambridge, Mass .  Anyone wishing to perform quantitative 

ana lys i s  using t h e  S-054 data should contact  Dr. G.S. Vaiana a t  

t he  Center for Astrophysics or Dr. A.S. Krieger a t  AS&E. 

3.3.2 The Film Imaae Cataloq 

A l l  of the prime bookeeping data for the S-054 experiment a r e  

contained in  concise  form in  the Fi lm Image Catalog (FIC). 

An up-to-date copy of the catalog is included with the f i lm 

and t h i s  report. It g ives  essent ia l ly  complete data  for all 

five S-054 f i l m  magazines: any errors are of a minor nature 

and should not affect the user. 
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The FIC is to be used with the f i l m ,  and contains for each  
image, s u c h  data a s  the exposure time, filter, exposure 

dura tion, aspect  and various housekeeping data associated 

with the ATM/JOP program. The sources for the FIC are 

camera operations converted from the light diode array on the 

f i lm,  manual bookeeping data acquired real-time during the 

Skylab Miss ion  and aspect data from telemetry downlink. 

Fig. 31 shows a sample page from the FIC listing, 2 2  columns 

of data are present. Cross-indexing from the film itself is 

provided via the Frame ID number i n  Col. '1. The Frame ID 

consists of t h e  magazine letter code prefix (A-E for the 5 

magazines) and a 4-digit number which is identical to the 

l a s t  4 digits of the number on the f i lm.  The FIC magazine 

letter code prefix is related to the 2-digit fi lm code prefix 

through Table 8 . A su.ff ix  letter, usually 'SI, is 

provided to distinguish between t h e  few dupl ica te  frome numbers 

that occured during the numbering of the film. 

A.. .---- 

Cols. 3 and 4 give t h e  calendar date and Greenwich Mean Time 

(UT) to the nearest second a t  the end of that frame's exposure. 

Col. 6 gives the exposure duration in seconds of the image. 

Most of these times are i n  multiples of 4 (see Table 4 ) 

for the nominal exposure duration p l u s  a fractional part far 

the  transit t ime  of the shutter blades across theFOV. 

Magazine E exposure t i m e s  are different because the  shutter 

was disabled. Occasionally throughout the FIC, a n  exposure 

was terminated abnormally either by the astronaut or by ground 

command. Col. 7 is the filter number (1 to 6) and Col. 8 tells  

whether the objective grating was i n  (I) or out (0). Cols.  4-8 

are the data taken from the diode array (see Sec. 2 .4)  
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cols. 9-13 are bookeeping data logged real-time during t h e  

mission. Col. 9 gives t h e  Picture Data Mode (see Table 3 ). 

Col. 10 gives the Daylight Pass No. , or the orbit no. , 
numbered monitorically for every 90 min. Skylab orbit for 

each of the these manned missions. Cols. 11 and 12 a re  

the TOP and BB ID'S for the particular referenced S-054 

sequence (see Sec. 3.0). Col. 13 identifies the  nominal 

pointing location on the solar d i s c  of the ATM optical ax i s  

(and t h e  S-054 axis). Table 9 

tions i n  Col. 13. The numbers refers to t h e  NOAA/Boulder 

nomenclature. 

is t h e  code for the abbrevia- 

The  telemetry downlink aspect  data is contained i n  Cols .  14, 

15 and 17. Cols. 14 and 15 contain the p i t ch  (gam X) and 

you (gam Y) coordinates offset from sun center i n  a rc  seconds.  

Col. 17 is t h e  roll reference angle in degrees (0 to f 180'). 

The aspec t  quantities are discussed further in  Sec. 3.3.4. 

Col. 2 contains up to 7 "Special Status Indicators" which a re  

defined in  Table 10 . Cols.  16 and 18-20 are computer 

housekeeping data for the FIC. 

Table 8 

FIC Frame No. Film Frame Number 

71 XXXX 
72 X X X X  
73 X X X X  
04 X X X X  
05 X X X X  

- Note: when the f i l m  is right-reading, i.e. Solar Image has  
North up, East to the left, the emulsion is down and 
the f i l m  frame numbers will be reversed. 
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sc 
AR 

FF 

PP or PR 

QR 

NC 

LS 

CH 

LB 

SI 

BS 

SCOX, COMET, etc .  

Table 9 

Sun Center 

Active Region 

Fila men t 

Prominence 

Quiet Region 

Network Cel l  

Limb Scan 

Coronal Hole 

Limb 

Solar Inertial 

Bright Spot 

Special Targets of Opportunity 
such a s  Scorpius X-1, Comet 
Kohoutek, e tc .  
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Table 10 

F I C  F O q M  1 '  R E P C R f  
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3 . 3 . 3  Anomalies Affectins The Data 

Some hardware problems occured during the 9 months of t h e  

mission which affected the S-054 data .  The first photo- 

graphs with the te lescope were taken on May 28, 1973; and 5 d a y s  la ter ,  

on June 2 ,  t h e  ATM cannis ter  

scope failed closed. For the next five days  the door remained 

closed,  although telemetry s ignals  fa l se ly  indicated t h a t  the 

door w a s  jammed open. Because of this  signal, 1500 frames 

were transported but unexposed, hence t h e  data gap appearing 

i n  the FIC between June 2-8. On June 7 the Skylab crew 

performed an  EVA (Extravehicular Activity) and pinned the door 

open. I t  remained open for the r e s t  of the mission. 

aperture door i n  front of the tele- 

Problems occurred with the canis te r  ra te  gyros which caused 

the experiment Pointing Control System to  b e  turned off for 

two periods of several  days each with the  result of degraded 

imagery due to  the poorer s tabi l i ty  of the Solar Inertial System. 

These  periods were between manned missions,  July 16-29 and 

Nov. 15-19, and are indicated by 'SI' i n  the FIC. 

On November 2 7  the filter wheel failed i n  position 5, the 

location of t h e  thickest  filter. S-054 operation continued: 

however, the exposures taken during the failed period showed 

only features  with relatively high surface brightness. Th i s  

filter remained i n  the optical  path until December 25, when the  

crew during a n  EVA moved the wheel permanently to posit ion 

3,  the blank position on the filter wheel .  
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During the work on the filter wheel, the camera shutter was 

damaged to the extent that the shutter blade permanently 

obscured a portion of the telescope field of view. An 

additional result was to reduce the  effective flux reaching 

the f i lm  by about a factor of 4. T h e  unknown amount and 

geometry of the obscuration renders detailed quantitative 

reduction of Magazine E data nearly impossible. However, 

the absence of a shutter permitted very long exposure allowing 

observations of coronal l i m b  structures further out from the 

solar limb than for any other magazine. 

On all magazines but A, the one-second exposure occassion- 

ally appears as a double image. Th i s  is d u e  to a defect i n  the 

camera take-up mechanism and never effected any other exposure 

The l-second image is still usefu l  for morphological study of 

flares and active region cores, but quantitative analysis is 

difficult. 

3.3.4 Data Selection - Use of the FIC and the f i lm 

T h i s  section is an ovewiew of some practical technique the user 

should employ for use of the S-054 data. The  data consists of 

the FIC (see Sec. 3.3.2) and the f i lm .  Typically the user will 

look first i n  the FIC for those frames or sequences of frames 

which will be most usefu l  for his  analysis. Combinations of 

frames by time, filter, exposure duration and grating i n  or out 

are typically used. The  user might, for example, want to examine 

all filter 3, 64 second frames, grating out approximately every 

6 hours for a specified period. When t h e  user locates these, he  

records the frame numbers and finds them on the f i l m  using the 

magazine conversion i n  Table 8 . ; 
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Occasionally t h e  user may want to  c h e c k  the diode array 

pattern on t h e  f i l m ,  i f ,  say,  he feels an  error may exist in  

the diode array data contained i n  the FIC. Fig. 32a 

shows the pattern orientation if t h e  film is right-reading 

(emulsion down). The rows are indicated by le t te rs  a n d  the 

6 columns by  numbers. The time data (GMT) is contained 

in  rows A-E and rows F-K contain data for t h e  grating position, 

filter, picture counter, and exposure duration. The fi l led 

spaces  represent reference dots in  t h e  pattern that are always 

"on". Fig. 32b gives  a n  example and is self-explanatory. 

T h e  coding of the three-dot filter pat tern is shown i n  Table 11. 

The l a s t  item needed for a description of the use of the  data is 

the aspec t .  The  telemetry aspec t  i n  t h e  FIC is known to be  

inaccurate for precise  alignment of any two images that  were 

taken many minutes or hours apart. Following is a brief 

discussion of the ATM pointing system and its anomalies.  

Several references provide a detailed summary of the  a s p e c t  

system (see ,  for example, "Skylab and The Sun" (1973), Chubb 

(1970), MSFC Report (1974)). I give here only a brief outline 

of the system and its performance including the major anomalie's 

which were encountered. 

Table 11 

Filter Code 

C B A Filter 

0 0 0 1 
0 0 1 2 
1 0 1 3 
1 0 0 4 
1 1 0 5 
0 1 0 6 
1 1 1 T 
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The ATM instruments were hard-mounted to  a cruciform spar  

enclosed i n  a canister.  T h e  canis te r  w a s  fine pointed t o  

a reas  on the solar  disk by the Experiment Pointing Control(EPC) 

system. T h e  EPC consis ted conceptually of 3 systems: the 

Fine Sun Sensor (FSS) for pitch and yaw pointing accuracy and 

stability: the roll positioning system for roll pointing and 

stabil i ty;  and the electronic, mechanical and computer 

interfaces for the system. 

T h e  heart of the FSS system w a s  an  opt ical  encoder system. 

T h e  system w a s  designed s u c h  that when sun centered, a nu l l  

signal w a s  output from a detector that  sampled t h e  two halves 

of the solar  image. Offset pointing capabi l i ty  came from 

optical  wedges which, when rotated, forced the detector  to  move 

the canis te r  to  again null the signal.  The  pre-mission spec  on  

the pointing accuracy of the FSS was  f 2 1/2 arc-sec over a 

f 2 4  a r c  m i n  offset from sun center with a stability of f 2 1/2 

arc sec over 15 min  i n  time and a j i t ter  of 1 a rc  sec/sec. Post mission 

resul ts  indicate  the FSS system maintained these s p e c s  very wel l  

throughout the mission. 

T h e  major pointing problems during the  m i s s i o n  occurred in  t h e  

roll determination system. The heart of t h i s  system was a s t a r  

tracker which provided the only absolute  reference for determin- 

ation of solar  nor th  when i t  was  act ively tracking a s tar .  

Unfortunately, several  problems caused  the s t a r  tracker t o  be 

used infrequently during the mission. Absolute roll determination 

w a s  then usually unknown and the estimated roll w a s  dependent 

on knowledge of the spacecraft  drift and the orbital plane error 

(precession of the orbital plane) between times of s t a r  tracker 
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usage. Details of the "reconstruction" of the roll reference after 

the mission are contained i n  IBM(19751. Star tracker problems which 

led to i ts  limited usage included false tracking of spacecraft 

contaminants entering the FOV, the shutter sticking open, 

photomultiplier tube degradation probably due to the shutter 

problem and failure of the gimbal system, which prevented star 

tracker usage near the end of the miss ion .  The result was that 

star tracker usage required crew intervention and was performed 

only every few hours because of scheduling difficulties. 

The  pre-mission roll specs were & 10 arc min  i n  pointing 

accuracy, -10 arc min over 15 min stability and a jitter of 

3 arc min/sec. The stability values were achieved but 

the absolute roll reference (knowledge of solar north) was 

degraded because of the above factors. Post  mission 

reconstruction by IBM (1975) 

accuracy to an average of about 

ison with outside data sources s u c h  a s  the S-054 ATM white 

l igh t  star fields and ground-based Ha photos. 

improved the  roll reference 
0 2 a s  determined by compar- 

Precise alignment for solar north, then, is impossible by 

us ing  just the ATM aspect data. We have found that acc- 

uracies of f 1 can be achieved by carefully overlaying same- 

scale transparencies of an X-ray image and an Ha image with 

solar north marked on it. For best results, these images should 

be within minutes or an hour or so of each other. Once north 

is marked on the X-ray image, alignment between pairs of X-ray 

images can proceed i n  the following manner. 

0 

For f u l l  disc,filter 3 images that are taken within about 8 hours 

of each other, the smallest visible bright features, called 

"X-ray bright points", can be used for coalignment. 8 hours 

is the mean lifetime of those features. T h e  large scale 
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s t ruc ture ,  s u c h  as a c t i v e  reg ions  a n d  co rona l  holes shou ld  

not  be u s e d  for a c c u r a t e  alignment s i n c e  these features 

evolve o n  a time scale of hours. For coaligning images 

further a p a r t  i n  t i m e  than 8 hours, t h e  user must e i t h e r  a l i g n  

each image w i t h  a n  Ha image  or a l i g n  X-ray image pairs 

us ing  small f ea tu res  near t he  solar poles where the  e f f e c t  

of solar rotation w i l l  be minimized. For e v e n  crude coa l ignment  

of evolving f ea tu res  within small areas of t h e  disc,  l i k e  f la res ,  

t h e  use r  must  remember to inc lude  a n  area la rge  enough s u c h  

tha t  independent  f ea tu res  c a n  be u s e d  for the  alignment. 

3-17 
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FIGURE CAPTIONS 

Figure 1 

Figure 2 

~ Figure 3 
Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure8 a 

Figure 8b 

Photograph of the X-ray telescope. The prefilters 
were not mounted on the front aperture plate when 

the photograph was taken. 

Drawing showing the X-ray telescope mounted to 

t h e  ATM spar. Five other major instruments were 
mounted to the spar. 

Functional diagram of the X-ray telescope. 
Paraboloid-hyperboloid X-ray telescope mirror 

configuration. 

Cross-section of the X-ray telescope mirrors. 

Photograph of the X-ray telescope optics showing the 

nested 30 and 2 3 c m  mirrors. 

which focuses an X-ray image on an image dissector, 

can be seen reflected from the curved surface of 

the 2 3 c m  diameter paraboloid. 

Surface tolerances on each dimension of the X-ray 

mirrors. R is t h e  radius, AR is the difference i n  

radii of the two ends, and S (x) is the nominal 

surface profile. 

The point spread function of the telescope out to 

15 arc minutes for 7 8 radiation. 

The small telescope, 

The point spread function of t h e  telescope near 
- the image center for 7 x radiation. 

Scans of images to illustrate the wavelength 

dependence of the point spread function. T h e  

images were lines a few arc seconds wide and 

about ten arc seconds long. The images were 

scanned with a proportional counter masked by a 

Figure 9 



Figure 10 

Figure 11 

Figure 1 2  

Figure 13 

Figure 14 

Figure 15 

F igwe 16 

Figure 17  

Figure 18 

spl i t  a few arc seconds  wide a n d  about  15 arc 

minutes long. The  7 8 curve has been  normalized 

to  match the 44 61 curve a t  the image center.  

The  theoretical wavelength dependence of the effective 

area of the te lescope for a n  on-axis cource.  The 

vertical scale on  the right is the effect ive area 

divided by the geometrical  area. T h e  experimental 

points fall about a factor of two below the calculated 

values. 

Filter wheel 

Prefilter assembly 

Calculated first-order efficiency of t h e  grating a s  

a function of wavelength. T h e  efficiency is defined 

a s  the fraction of the incident power sen t  into the 

spectrum. 

A spectrogram of a laboratory source of X-ray radiation 

produced by the transmission grating. T h e  source 

target anode was  composed of tungsten and magnesium. 

The tungsten Maand Ms lines at  6 .97  61 and 6..74 1 
respectively, a r e  c lear ly  resolved in  first  order. The 

magnesium K l ine a t  9.89 a is visible i n  first  and 

second order. 

Film magazine. Each  replaceable magazine, of w h i c h  

there were five, had a capaci ty  of about 356m of 70mm film. 

The total number of frames exposed on each  day of 

the Skylab mission. 

A diagram showing the configuration of the f i l m  and  

a photograph of a portion of the exposed f i l m .  

Schematic overall view of laboratory setup for 

generating sensis t r ips .  



Figure 19 

Figure 20 

Figure 21 

Figure 2 2  

Figure 23 

Figure 2 4  

Figure 2 5  

Figure 2 6 

Matched 8.3 61 sens is t r ips  showing ef fec ts  of 

fogging by the s p a c e  environment. The  circles 

represent data on unfogged film, the squares ,  

fogged f i lm.  

Matched 4 4  61 sens is t r ips  showing effects  of fogging 

by the space  environment. T h e  c i rc les  represent  

data on  unfogged f i l m ,  the squares,  fogged f i l m .  

Plot of density on  fogged f i lm versus densi ty  on 

unfogged f i l m  a t  corresponding energies. C i r c l e s  

are points a t  8.3 61, triangles a t  4& . Original 

data is  from Figures 4 and 5 .  Both s e t s  of points 

may be fitted with one straight line: 

+ 0.12. DFOG= t. 93DN0 FOG 

Typical H-D curves a t  8.3 8 for three f i l m  loads ,  

each processed i n  a separate run. 

Experimental va lues  o f y v s  A .  

Behavior of speed ap a s  a function of wavelength- 

l inear  plot. 

Comparison of experimental points with a computer- 

f i t ted l ine.  

Soft x-ray photographs of the solar corona obtained 

from Skylab during the operation of the Apollo Telescope 

Mount solar observatory on 1 June 1973. The  X-ray 

bandpass of both images is 2-32, 44-5461 (a) is a 256 

sec. exposure, (b) is a 0 . 2 5 5  sec  exposure. When 

comparing two images whose exposures differ by a 
factor of approx. 1, 000 i t  c a n  be seen  that  the brightest  

feature i n  the short  exposure image  has a densi ty  

equivalent to  some of the dirnist features, thereby de- 

monstrating i n  the long exposure image: a n  intrinsic 

brightness difference i n  the soft x-ray corona of a t  l e a s t  



Figure 27 A diagram representing the s teps  performed i n  the 

p hotographic image processing system. 

Character is t ic  curve for the Kodak Spectrographic 

XUV Film SO-212 used as the original camera film, 

machine processed in  D-96 for 7.5 minutes a t  68OF. 

Character is t ic  curves  of Eastman Fine Grain Dup- 

l icating Posi t ive 5366 and Eastman Fine Grain 

Duplicating Negative 5234 used for second genera- 

tion posit ive and third generation negative contact  

copies .  Machine processed i n  D-96 for 3. 75 

minutes a t  75OF. 

Reproduction curve showing the density of the 

product printing negative as a function of the  density 

of the image on the original camera f i lm.  

Figure 3 1  Sample page from the FIC. See  text for explanation. 

Figure32a .Diode array dot pattern code. Shaded areas indicate 

Figure 28  

Figure 29 

Figure 30 

dots  permanently on. 

Figure 32b Sample diode array pattern with explanation. 
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0.061 3 C SO64k 
C.255 3 C SO64H 

i l  t U 1  sc. 
77 6 U t  S C  
7 7  6 U t  SC 
7 7  t U t  sc 
77  h U6 S C  
7 7  h U t  SC 
77  6 Ilt SC 
7 7  6 U b  S C  
7 7  6 U t  SC 
79  6 1 S C  
75 6 1 S C  
i s  t 1 sc 
75 6 1 S C  
75 6 1 SC 
79  6 1 SC 
70 6 1 S C  
79 6 1 SC. 
19  6 1 S C  
7s 6 1 S C  
75 t I sc 
75 6 1 S C  
75 6 1 SC 
75 t 1 sc 
19 6 1 3C 
15 6 1 SC 
19 6 1 SC 
79 f! 1 s c  
15  0 1 sc 
1 9  6 1 S C  
7 5  6 1 sc 
7s t I SC 
79  6 1 S T  
75 6 1 SC 
19 6 1 S C  
75  6 1 s c  
75 6 1 SC 
7s G 1 S C  
79 6 1 SC 
7s t I sc - 
79 ti 1 c c  
75  h 1 SC 
7G 2A 10 6 C l H  
79 2 A  1 0  b F l h  
75 2A I C  6 P l R  
79 2 L  1 C  P h l a  
79 2A 10 f * l R  
75 2 b  I C  L C l P  
79 2L 10 PF18 
75 24 10 C k l A  
19 21% I C  4 k l H  
79 2A IC CRl9 

27 . 24  / 
2 1  24 / 
2 1  24  / 
7 1  24 f 
27 24 / 
27 2 4  / 
27 24  / 
27 7 4  / 
27  24  I 
? 5  20 / 
35 70 / 
35 20  / 
35 20 / 
35 2 0  / 
35 2 0  I 
35 2 0  / 
35 20 / 
3 1  1s / 
37  19 I 
3 7  19 I 
37 19 / 
37  19 I 
3 7  15 I 
37 14 / 
3 7  19 / 
37  1s / 
37  1') / 
3 1  19  / 
3 7  14 / 
3 7  l U  / 
3 7  l'! / 
3 7  19 / 
in+ 544 I 
3 7  I S  / 
37 1 9  / 
3 1  19  I 
? 7  15 / 
3 7  19 / 

, 20549  I 9  / 
- 1 5 s  19 / 

37 19 / 
7 5 6  22 I 
75h i 2  / 
7 56 27  / 
7 56 ?2 / 
756 22 / 
756 2 2  f 
756 22 / 
756  22 f 
7 5 6  7 7  / 
7 56 22 / 

-90.23 / 
-50 .23  / 
-90. Z 3 / 
-SC.2? / 
-50. 2?  / 
-90.23 / 
-90.23 / 
-YO.23 / 
-90 -7 3 / 
-90.25 / 
-90.75 / 
-90.25 I 
- 5 0 . 2 s  / 
-90.25 / 
-F0.25 / 
-so.2s / 
-90.25 / - 169.30 / - 16il. 39 / 

-1ha.3n / - 168.33 I - Ifrd .30 / 
-1rt3.111 / 
-168 .31  I 
-144 .31  / - 108.31 / 
-168 .31  / 
-16t3.31 / - I C R .  3 1  / - 1hR .31 / 
- 1  be. 3 1  f 
-15a .31  / 
- l h 7 . 7 Y +  I 
- 1 f . H -  3 I I - 168.31 / 
-1(1d.31 I 
-1tt1.31 f 
-IhR .3 1 / 
- 158.3 1 / 
-1hR.11  f 

161.07 f 
161.07 / 
l a 1  .07 / 
121.07 / 
i r i .n? f 
161 .n 7 / 
161.07 / 
161 .n1 / 
161.07 / 
161.1)7 / 

-163 .0?*  f 

7 5 n r o / i 5 c 3  27 
74355 /1201  2 9  
7 4 2 € 2 / 1 3 1 5  2 5  
7 4 2 8 2 / 1 3 1 6  2 5  
74?'5/12C1 26 
143C5/ I 2 0 1  Z t  
7 4 7 0 2 / 1 3 1 6  25  
7 4 ? 5 F / l 2 C l  2 t  
7435511206  2 1  
7 4 2 @ ? / 1 3 1 h  2 8  

7435S/1206  26 
7435511206  26 
75050 /1503  2 5  
75050/1503 2 1  
7505C/15C? 2 1  
7505011503  25 
74262 /1316  2 0  
7 4 2 E ? / 1 3 1 t  2 5  
747n?/1?16  2 5  
74355/12C6 26 
7 5 C 5 C / 1 5 0 3  25 

7 5 0 e t / 1 5 0 3  2 1  
7 5 0 5 0 /  1503 25 
742H211316 2 R  
742@;/1?16 2 5  
7 4 2 R 2 / 1 ~ 1 . h  25 
743c5 /12C7 26 
? 4 ? C 5 / I 2 C 1  26  
7 ~ 3 ~ 5 / 1 2 0 7  26 
743'5/12C7 28 
1 4 3 5 5 1  1207 2 E  

i 4 ? e i / i 3 i t  59. 
74355 /  1207 2 t  
743c5/12C7 26 
7435"112C7 2 t  
74355 /1207  26 
7 4 ' 5 F I l Z C 7  2 6  
74355 /  l i O 7  2C 
74?07 /131h  ?a  
7 4 2 F 2 / 1 ? 1 t  25 
7 4 r ? @ i / l ? l t  25 
74355 /1207  26 
7 1 * ? C 5 / 1 i C 7  2 t  
7 ~ ' ? 5 5 / 1 7 0 7  26 
74356112C7 16 
7 4 2 3 2 f  1 2 1 6  2s 

7 4 2 F i / l ? l 6  2 5  

742e21131t  25  

75050/150?.  27 . 

742fi3$/1316 

7 4 7 ~ 2 i 1 7 1 6  26  

Fig. 31 



DIODE ARRAY CODE AS VIEWED 
ON READER VIEWING SCREEN 
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Fig. 32a 



0 0 0  

0 . . 0 0 0  

0 0 0 0 . 0  

0 0  0 0 

0 0 

0 0  0 

0 0 0 . 0 .  

0 0 

0 0 0  

0 

0 0 

0 

0 0  

0 

GRATIPJG OUT, FILTER 3 

FILM COU?{TER = 275 

EXPOSURE DURATIOrI = ~ ~ ' O ~ S E C  

G M T  - 
9 DAYS 

12 HOURS 

19 M I N ,  

12 SEC, 

516 MSEC, 

Fig. 32b 


